Development and virulence are regulated by cyclic AMP (cAMP)/protein kinase A (PKA) and mitogen-activated protein (MAP) kinase signaling pathways in several fungi, including the corn smut pathogen Ustilago maydis (13, 38, 46) . Mating of haploid U. maydis cells, which are nonpathogenic and yeast-like, leads to the formation of infectious, dikaryotic hyphae. This process is regulated by two unlinked mating-type loci, a and b. Cell recognition and fusion of conjugation tubes are controlled by the a mating-type locus encoding a pheromone (mfa)-pheromone receptor (pra) system that acts through a conserved MAP kinase module (8) . Several components of the MAP kinase module have been identified, including the MAP kinase kinase kinase Ubc4, the MAP kinase kinase Fuz7/Ubc5, the MAP kinase Ubc3/Kpp2, and the putative adaptor protein Ubc2 (1, 5, (46) (47) (48) 50) . One target of the module is the pheromone response transcription factor Prf1, a high-mobility group domain protein that activates the transcription of the bW and bE genes encoded by the b mating-type locus (20, 26, 27, 34) . The bE and bW homeodomain proteins dimerize to form a transcriptional regulator that controls the formation of the filamentous dikaryon and subsequent pathogenic development (7, 10) .
The cAMP-dependent protein kinase signaling pathway also plays a major role in the control of morphogenesis in U. maydis. When cAMP levels are low, PKA is an inactive tetramer comprised of two regulatory and two catalytic subunits. When cAMP levels increase, cAMP binds to the regulatory subunits and induces a conformational change that causes subunit dissociation and activation of the catalytic subunits. Characterization of U. maydis mutants with defects in the genes for the catalytic and regulatory subunits of PKA revealed that mutants with high PKA activity have a budding phenotype but that those with low PKA activity display filamentous growth (15, 22) . For example, mutants defective in the regulatory subunit of PKA (encoded by ubc1) display a multiple-budded phenotype, while those lacking adenylyl cyclase (encoded by uac1) or one of the catalytic subunits of PKA (encoded by adr1) are constitutively filamentous (6, 15, 22) . The adr1 gene was identified initially in a screen for genes mediating resistance to dicarboximide and aromatic hydrocarbon fungicides (54) . Although the PKA encoded by adr1 does not appear to be a direct target of these fungicides, a mutant with a defect in the regulatory subunit of PKA (ubc1) does show resistance as well as other phenotypes, such as osmotic sensitivity (59) .
The mutants with defects in the components of the cAMP/ PKA pathway also are unable to either proliferate in host tissue or induce tumor formation in planta. In fact, several critical events during infection, including the development of infection filaments within the host, the induction of tumors, hyphal fragmentation, and the formation of prespores, appear to require changes in the level of PKA activity, demonstrating that the cAMP pathway also plays an important role in virulence (6, 15, 22) . Consistent with this idea, the novel protein Hgl1 was identified in a suppressor screen for mutations that restored budding growth to a filamentous adr1 mutant, and mutations in hgl1 block sporulation during infection (14) .
The processes regulated by cAMP and PKA in Saccharomyces cerevisiae have been well characterized and include, in part, cell cycle progression, cell growth in response to carbon source, ribosome biogenesis, response to stress, accumulation of storage carbohydrates, pseudohyphal growth, and sporulation (71) . The cAMP/PKA pathway has also been shown to regulate genes encoding the high-affinity iron uptake system (60) . Furthermore, Giots et al. (21) recently identified phosphate as a nutrient signal that activates the cAMP/PKA pathway. In Schizosaccharomyces pombe, cAMP signaling controls gluconeogenesis, spore germination, and the influence of carbon and nitrogen starvation on mating (28) . In filamentous saprophytic fungi as well as plant and animal pathogens, the cAMP/PKA pathway regulates morphogenesis (e.g., hyphal growth morphology, appressorium formation) and development (e.g., conidiation) among other processes (13, 38) .
Considerable effort is still needed to dissect the processes activated by different levels of PKA activity, including the identification of new targets of PKA and other levels of cross-talk between the cAMP and MAP kinase pathways. In this paper, we describe a comparative analysis of RNA expression for a wild-type strain and mutants defective in the regulatory and catalytic subunits of PKA using the technique of serial analysis of gene expression (SAGE). SAGE involves the generation of short sequence tags (10 to 14 nucleotides) that represent individual transcripts and the use of large-scale sequencing to establish the frequency of occurrence of these tags as a measure of transcript levels (72) . SAGE has been applied to define transcriptomes (73) and more extensively to explore transcription in normal and tumor cells (77) , including the identification of targets of defined pathways (58) . We chose SAGE for defining the U. maydis transcriptome because microarrays are not yet generally available and because we have successfully used SAGE to characterize the transcriptome of another basidiomycete fungal pathogen, Cryptococcus neoformans (40, 69, 70) .
Our application of SAGE to U. maydis identified genes whose transcript levels vary with PKA activity. In addition to finding genes encoding metabolic functions and genes known to be regulated by mating type, we found that many genes encoding ribosomal proteins (RPs) have altered transcript levels in the mutant strains. We also discovered that some of the transcripts regulated by PKA encode phosphate acquisition and storage functions, and we confirmed the regulation of phosphate metabolism by demonstrating differential polyphosphate accumulation and acid phosphatase activity between mutant and wild-type cells. Given the role of the cAMP/PKA pathway in morphogenesis for U. maydis, we also examined possible connections between phosphate and the switch from budding to filamentous growth. In this case, we found that phosphate levels influence the filamentous growth of U. maydis that occurs in response to lipids (36) , thus revealing further connections between morphogenetic signals and the cAMP pathway.
MATERIALS AND METHODS
Strains and growth conditions. The following U. maydis strains were employed: the wild-type strain 521 (a1b1), the ubc1 mutant lacking the regulatory subunit of PKA (strain 111, a1b1 ubc1::hygB r ), and the adr1 mutant lacking the catalytic subunit of PKA that is responsible for the majority of the activity (strain 002-10, a1b1 adr1::phl r ) (15, 22) . For SAGE library construction, 2-ml cultures of potato dextrose broth (PDB; Difco) were inoculated with single colonies and grown overnight at 30°C in a gyratory shaker (250 rpm). These cultures were inoculated into 250 ml of the same medium for subsequent incubation under the same conditions to obtain 10 7 cells per ml for budding strains or a similar optical density for filamentous strains. Cells were harvested by centrifugation at 4°C for budding strains or by vacuum filtration for filamentous strains and immediately flash frozen in a dry ice-ethanol bath. The strains were streaked on potato dextrose agar (PDA; Difco) plates containing 200 ng ml Ϫ1 rapamycin (SigmaAldrich) and incubated for 2 days at 30°C.
RNA isolation and analysis. Frozen cell pellets were lyophilized overnight at Ϫ20°C until dry and resuspended in 15 ml of TRIZOL extraction buffer (GIBCO BRL). Total RNA was isolated according to the manufacturer's recommendations. Poly(A) ϩ RNA was isolated using the FastTrack 2.0 kit (Invitrogen). RNA blot preparation and hybridization were performed as described previously (63) . Hybridization probes for genes represented by differently expressed tags were prepared by PCR amplification from genomic DNA using the primers listed in Table 1 . These probes were labeled with an oligonucleotide labeling kit (Amersham Pharmacia Biotech, Inc.). SAGE analysis. SAGE was performed as described by Velculescu et al. (72) using the protocol available at www.sagenet.org. Poly(A) RNA was converted to double-stranded cDNA using the Invitrogen synthesis kit and biotinylated oligo(dT 18 ). Briefly, the cDNA was cleaved with NlaIII, the 3Ј-terminal cDNA fragments were bound to streptavidin beads (Dynal), and oligonucleotide linkers containing BsmFI restriction sites were ligated to the 5Ј ends. The cDNA with linkers was released from the streptavidin beads by BsmFI digestion, and tags were ligated to one another, PCR amplified, concatemerized, and cloned into the SphI site of pZERO 1.0 (Invitrogen). Twenty-six PCR cycles were used to amplify ditags during library construction. Colonies were screened by PCR (M13F and M13R primers) to assess the average clone insert size and the percentage of nonrecombinants. Tag sequences were obtained by BigDye primer cycle sequencing and analysis on an ABI PRISM 3700 DNA analyzer. Sequence chromatograms were processed using Phred (16, 17) , and vector sequence was detected using Cross_match (23) . Fourteen-base-pair tags were extracted from the vector-clipped sequence, and an overall quality score for each tag was derived based on the cumulative Phred score. Duplicate ditags and linker sequences were removed as described previously (72) . Only tags with a predicted accuracy of Ն99% were used in this study, and statistical differences between tag abundance in different libraries were determined using the methods of Audic and Claverie (4) .
Tag identification. Custom Perl scripts were used to make preliminary assignments of tags, and their abundance relative to that of putative transcripts was determined using release 2 (March 2004) of the genome sequence data for U. maydis (strain 521), assembled at the Broad Institute Center for Genome Research (http://www.broad.mit.edu/annotation/fungi/ustilago_maydis/index.html). Tag and gene identification also used the May 2005 version of the Munich Information Center for Protein Sequences (MIPS) Ustilago maydis database (MUMDB [http://mips.gsf.de/genre/proj/ustilago/]) and a database of ϳ4,000 expressed sequence tags (ESTs) for this strain generously supplied by Barry Saville (University of Toronto) (52, 62) . In some instances, more than one differentially expressed tag could be assigned to a candidate transcript, which may indicate alternative splicing events, differences in poly(A) site use, or partial NlaIII digestion during library preparation. In these instances, where the same trends in abundance were observed for such tags, they were assigned as a group to that transcript, and the cumulative abundance was reported along with the sequence of the tag located at the 3Ј-most NlaIII site. We restricted our studies to only those candidates for which an unambiguous tag assignment could be made.
For unannotated or uncharacterized transcripts, the coding regions and 1 kb of 5Ј and 3Ј flanking sequences were used for BLASTX searches, and the results were recorded for those genes that had significant similarity with other proteins in the nonredundant database at the National Center for Biotechnology Information (NCBI). Each BLASTX result was inspected individually, and expect values and tentative gene assignments were recorded for those tags that were found to correspond to the 3Ј-most NlaIII site within the putative open reading frame or within a 3Ј untranslated region. Percent identity and percent similarity between the protein from the nonredundant database and the U. maydis sequences were also recorded when the expect value did not reflect the extent of similarity (mainly for small proteins).
Morphological response to phosphate concentration. 4 in U. maydis minimal medium. Strains were observed using differential-interference-contrast microscopy on a Zeiss Axioplan 2 microscope after 3 and 5 days. Three independent experiments were performed.
Polyphosphate staining. Strains 521, 111, and 002-10 were grown overnight in 5 ml of PDB medium in a 30°C shaking incubator. Two milliliters of overnight culture was centrifuged at 14,000 rpm for 1 minute, and the medium was removed. The pellets were resuspended in 1 ml of 95% ethanol and incubated for 10 min (room temperature). The suspensions were recentrifuged at 14,000 rpm for 30 seconds, and the ethanol was aspirated. Cell pellets were resuspended in 0.05% toluidine blue O (Fisher Scientific) in 0.2 M acetic acid and incubated for 10 min at room temperature as described previously (49, 67) . Cells were washed three to six times in sterile distilled water before observation using light microscopy. Four independent experiments were performed.
Acid phosphatase assay. U. maydis strains 521, 111, and 002-10 were grown overnight in PDB at 30°C in a shaking incubator. Protein extractions were performed with Y-PER yeast protein extraction reagent (Pierce) as per the manufacturer's instructions. Protein concentrations were estimated using the Bio-Rad microassay (Bio-Rad Laboratories, Inc.) as per the manufacturer's instructions. Acid phosphatase assays were performed according to guidelines in Sigma procedure EC 3.1.3.2 (enzymatic assay of acid phosphatase) using 4-nitrophenol phosphate disodium salt hexahydrate (Sigma-Aldrich) as the substrate and 0.09 M citrate buffer solution (Sigma). A control was performed using 0.18 units/ml of prostatic acid phosphatase (Sigma-Aldrich). Protein extract (500 l) from each strain was used in the assay. Proteins were extracted, and acid phosphatase assays were performed in triplicate (four independent experiments).
RESULTS

Overview of the SAGE libraries.
To examine RNA expression in the context of cAMP signaling in U. maydis, we used the wild-type strain 521 and mutants (in the same strain background) deficient in the regulatory (ubc1) or catalytic (adr1) subunits of PKA to generate SAGE libraries designated WT, UBC1, and ADR1. RNA quality was initially checked by RNA blot analysis with probes for the pheromone gene (mfa1), whose expression level is known to be conditioned by the cAMP pathway (27) , and the constitutively expressed gene for succinate dehydrogenase (using the allele that confers resistance to carboxin [cbx] ). The hybridization results ( Fig. 1 ) revealed similar patterns of expression of cbx among the three strains, as well as the expected expression of mfa1 in the ubc1 mutant, and that the RNA was of sufficient quality for SAGE library construction. A summary of the collection of tags for each library is presented in Table 2 . The data shown in this table reflect Phred scores that provide a 99% probability that each tag sequence is correct (see Materials and Methods) and indicate the expression profiles of the three strains compared in pairwise combinations. The percentages of tags differentially expressed between libraries ranged from 0.54% (UBC1 versus (15) . Identification of differentially expressed genes. We were able to make preliminary tag assignments to predicted genes using EST data and the partially annotated genomic sequence for U. maydis available at the Broad Institute and MIPS. Of the 230 tags found to have differential abundance between the WT, UBC1, and ADR1 libraries at a threshold P value of less than 0.01, 52 (22.6%) were found to match two or more different locations in the genomic sequence of U. maydis (data not shown) and were not used for further analysis. A further 32 tags (14%) did not match any of the sequences in either the genomic or EST U. maydis database. Tags in this class may fail to match because of errors in the tag sequence (e.g., at the reverse transcription stage of library preparation), because of incomplete genomic or EST sequence data, or because the tags span an intron position and thus don't match the genomic sequence. The remaining 146 tags could be unambiguously correlated to candidate transcripts. BLASTX analysis of these transcripts, when we searched the nonredundant database at NCBI (May 2005), indicated that 16 tags (9%) did not result in a significant BLAST score (i.e., less than E-05); 34 (19%) had similarity to uncharacterized, hypothetical proteins; and 96 (54%) had similarity to genes with assigned functions.
The tags with differential abundance were organized into four categories based on their expression levels in the different libraries (Tables 3 to 6 ). Table 3 lists tags that were elevated in the ubc1 mutant (expected to have elevated PKA activity) and/or reduced in the adr1 mutant (expected to have low PKA activity). That is, these tags had higher frequencies in the UBC1 library or lower frequencies in the ADR1 library (UBC1 Table 4 contains tags with reduced levels in the condition of high PKA activity and/or elevated levels in the condition of low PKA activity. These tags had higher frequencies in the ADR1 library or lower frequencies in the UBC1 Table 5 contains tags with lower levels in situations of loss of PKA activity or loss of regulation, i.e., tags with higher frequencies in the WT library Table 6 contains tags with elevated levels in situations of loss of PKA activity or regulation, i.e., tags with higher frequencies in the UBC1 and ADR1 libraries (UBC1 or
The patterns of regulation of specific functional categories of genes identified by the tags are described in the following paragraphs.
Connections between ribosome biogenesis and PKA. Our initial analysis of the SAGE data revealed a potential connection between cAMP signaling, ribosome biogenesis, and translation in U. maydis. Specifically, we identified tags matching genes for eight RPs and one translation elongation factor that were elevated in the UBC1 library (high PKA activity) and/or reduced in the ADR1 library (low PKA activity) ( Table 3 ). We also found that tags for 12 other RP genes, one translation initiation factor, one translation elongation factor, and one rRNA processing-related protein have lower levels in the libraries from cells expected to show either high or low PKA activity (Table 5 ) and that the tag for one RP gene was somewhat elevated in the mutant libraries relative to that of the wild-type library (Table 6 ). Although the patterns of expression were not identical for all of the RP genes, the prominent pattern was that tags for RP genes generally had lower levels under the condition of low PKA activity (i.e., in the adr1 mutant) than in the libraries from the wild-type strain and/or the ubc1 mutant. The discovery of tags in the SAGE libraries for RP genes was expected because transcripts for these genes are generally abundant and therefore more likely to be detected by SAGE. For example, we have detected a similar set of genes in previous SAGE experiments with Cryptococcus neoformans (40, 70) , and SAGE data for S. cerevisiae also identified transcripts for RPs as being abundant (73) . The PKA regulation of tag levels for the RP genes suggests an important role for the cAMP pathway in cell growth in U. maydis.
In S. cerevisiae, details of the connection between nutrient availability, PKA, and RP gene expression are emerging with the recent description of the control of transcription factors coregulated by the cAMP and TOR pathways. In particular, Schmelzle et al. (66) and Zurita-Martinez and Cardenas (78) found that mutations that hyperactivate the PKA pathway resulted in reduced sensitivity to the TOR inhibitor rapamycin and that both pathways signal together or in parallel to respond to nutrients and regulate RP genes. If a similar regulation by these pathways occurs in U. maydis, one would predict that mutants with altered PKA activity might also have a different response to rapamycin than the wild-type strain. To test this prediction, we examined the three strains used for SAGE library construction for growth on medium containing 200 ng/ml rapamycin. As shown in Fig. 2 , the wild-type and ubc1 strains showed limited sensitivity to rapamycin. In contrast, the adr1 strain exhibited markedly reduced growth in the presence of the drug, suggesting that reduced PKA activity in the mutant conferred enhanced sensitivity. This result suggests that the TOR pathway may also influence RP gene expression in U. maydis and may be related to our general observation from the SAGE data that loss of PKA activity in the adr1 mutant results in reduced tag levels for genes encoding RPs. Shared targets of cAMP signaling and mating. The SAGE experiments also extended previous observations that the cAMP signaling pathway shares regulatory targets with the bW/bE homeodomain proteins that form a transcriptional regulator encoded by different alleles of the b mating-type locus during formation of the infectious dikaryon (10) . Specifically, we found that tags that were elevated in the UBC1 library and/or reduced in the ADR1 library identified genes encoding an acyltransferase-like protein and a capsule-associated protein (Table 3 ). The expression of these genes (and three others) was previously found to be negatively regulated by the bW/bE complex in U. maydis (10) . The idea of shared targets is reinforced by our additional observation that two tags elevated in the ADR1 library matched genes for endoglucanase 1 (egl1) and repellent protein 1 (rep1) ( Table 4 ). The transcripts for these genes were previously shown to be up-regulated by the bW/bE complex (65, 75) , and their filament-specific expression is consistent with the SAGE data. We also noted that a tag for the mfa1 gene was not detected in our SAGE analysis, even though the transcript level is clearly elevated in the ubc1 mutant (27) (Fig. 1) . This is because inspection of the cDNA corresponding to this gene indicated the absence of an NlaIII restriction site necessary to generate a SAGE tag.
Differential expression of genes encoding metabolic functions in PKA mutants. The SAGE tags revealed genes encoding several metabolic functions, including enzymes involved in carbohydrate metabolism (e.g., 6-phosphogluconolactonase, aldehyde dehydrogenase, alcohol dehydrogenase, ribose 5-phosphate isomerase, fructose-bisphosphatase, aldo-keto reductase, transaldolase, phosphoenolpyruvate carboxykinase, and others). Tags for these genes were generally elevated in the ADR1 library relative to those in the UBC1 and/or WT Table 4 ). The tags for two genes involved in amino acid metabolism (cystathionine gamma-lyase and aspartate aminotransferase) showed similar patterns of expression. Other tags that had reduced levels in the UBC1 library and/or were elevated in the ADR1 library identified genes encoding proteins with predicted transport functions, including two peptide transporters and a putative sugar transporter. One of these genes shows a high similarity to the Isp4 protein of Schizosaccharomyces pombe; the transcript for this gene was elevated during the sexual differentiation process (64) , and the protein was later classified as an oligopeptide transporter (44) . Finally, tags that were lower in the UBC1 library than in the ADR1 library identified genes predicted to encode fatty acyl coenzyme A synthase, inositol 1-phosphate synthase, and two enzymes related to vitamin metabolism (thiazole biosynthetic enzyme and thiamine biosynthesis protein).
Connections between PKA and genes implicated in morphogenesis. Given the role of the cAMP pathway in the morphogenesis of U. maydis, we anticipated that the SAGE data would reveal tags for genes involved in influencing cell morphology (15, 22) . In this category, we identified tags for genes encoding the following predicted proteins: a GTP binding protein, the repellent protein (Rep1), a septin, an exo-␤-1,3 glucanase, a ␤-1,3-glucan binding protein, a predicted prefoldin protein, and a mixed-linked glucanase. These tags showed a variety of expression patterns. For example, some of these tags showed higher levels in the ADR1 library (Table 4) , a result that may be consistent with the filamentous morphology of this mutant (e.g., repellent protein and exo-␤-1,3 glucanase). Others were expressed only in the WT library (␤-1,3-glucan binding protein) (Table 5 ) or in the mutant libraries (mixed-linked glucanase) ( Table 6 ). The detection of the tag for the septin transcript (lower in UBC1) ( Table 4 ) was interesting because septins are a conserved family of GTP-binding, filament-forming proteins with complex roles in cytokinesis and/or cell septation (43) . A potential influence of PKA on septin expression may be relevant in U. maydis because a defect in the ubc1 gene causes an unusual multiple-bud phenotype due to a defect in the separation of mother and daughter cells. GTP-binding proteins are also important for morphogenesis in U. maydis, and we found that a tag for a putative G protein that is similar to G␤ subunits showed the opposite pattern of expression to the septin (higher in UBC1) ( Table 3) . Elevated transcript levels of genes involved in phosphate acquisition in the ubc1 mutant. A striking finding from the SAGE data was that a number of tags elevated in the UBC1 (57) . In yeast, low extracellular P i induces the expression of genes in the PHO pathway, including PHO84, which encodes a high-affinity P i transporter localized to the plasma membrane, and PHO5, which encodes a repressible acid phosphatase localized to the periplasmic space (55) . We found tags corresponding to similar PHO-related functions (phosphate transporter and acid phosphatase) to be higher in the UBC1 library, suggesting that a relationship exists between PKA signaling and a predicted PHO regulatory pathway in U. maydis (Table 3) . Additional yeast genes regulated by the PHO system have been identified in microarray experiments, and these include the VTC (vacuolar transporter chaperone) gene family involved in poly(P) synthesis (53) . Two of these gene products, Vtc1 and Vtc4, operate together as a complex and control vacuole acidification by the distribution of vacuolar ATPase. Inactivation of the VTC1 gene results in a reduced vacuole acidification as a consequence of reduced amounts of vacuolar ATPase on the vacuolar membranes (12) . Our SAGE data identified tags (that were elevated in the UBC1 library) for orthologs of the VTC1 and VTC4 genes (Table 3 ). In contrast, we also found tags corresponding to a vacuolar H ϩ ATPase and a vacuolar ATP synthase that were elevated in the WT but not the UBC1 library (Table 5 ). An additional coregulated gene in yeast encodes a leucine aminopeptidase, and we identified a tag for a predicted ortholog in our SAGE data ( Table 5 ). The observation of a connection between cAMP signaling and phosphate metabolism prompted a closer inspection of other tags related to metabolic functions. In this context, we noted (mentioned earlier) that the two tags identifying genes encoding putative thiamine biosynthetic functions were apparently expressed in a pattern opposite to that of the tags for phosphate acquisition (Table 4) . These tags were found at lower levels in the UBC1 library, suggesting that elevated PKA activity down-regulates the transcript levels for these genes. Thiamine is known to regulate phosphate metabolism and mating in Schizosaccharomyces pombe (18) . For example, thiamine represses the expression of an acid phosphatase thought to play a role in dephosphorylating thiamine phosphates in growth substrates. Interestingly, both thiamine and the cAMP pathway influence pigmentation in Ustilago hordei (41) . The observed altered expression of genes encoding functions for phosphate metabolism in cAMP signaling mutants and the results from U. hordei prompted a more detailed examination of the connections between these processes in U. maydis. Phosphate concentration influences the morphological response to lipids. We initially examined the influence of phosphate on morphogenesis because of the known role of PKA in the regulation of dimorphism in U. maydis. Previously, we showed that the dimorphic transition from budding to filamentous growth can be triggered in a PKA-dependent manner by growth in lipids (36) . During tests on the influence of phosphate, the wild-type strain 521 (a1b1) was grown in minimal medium (minus phosphate) supplemented with glucose, glucose and Tween 40, or Tween 40, with the addition of different levels of phosphate. Phosphate concentration did not affect the morphology of budding yeast cells after 3 or 5 days of growth in glucose or glucose-plus-Tween 40 medium (Fig. 3A and B) . In contrast, an increased phosphate concentration directly correlated with increased filamentation when cells were grown in 1% Tween 40 for 3 days (Fig. 3A) . Cells grown in 1 mM phosphate grew as budding yeast cells, whereas yeast cells grown in 7.35 mM phosphate were beginning to elongate at this time and cells grown in 250 mM phosphate were completely filamentous (Fig. 3A) . Conversely, a reduced phosphate concentration resulted in a decrease in filamentation. Interestingly, the cells grown with Tween 40 and 7.35 mM phosphate resembled mating cells in the early stages of conjugation tube formation. After 5 days, cells grown in 1% Tween 40 and 1 mM phosphate maintained a budding morphology in contrast to the completely filamentous growth observed in both 7.35 and 250 mM phosphate (Fig. 3B) . We previously described filament formation in Tween 40 after 5 days, which is consistent with these results (36) . Overall, these observations indicated that phosphate levels influence the lipid-responsive dimorphic transition in U. maydis.
Polyphosphate accumulation is decreased in a ubc1 mutant. The expression of the PHO genes required for phosphate metabolism and the acquisition of phosphate in S. cerevisiae are induced under conditions of low cellular phosphate (53) . This suggests that the ubc1 mutant, which shows increased expression of the PHO gene orthologs in U. maydis, has low levels of cellular phosphate. Excess phosphate is stored in the vacuole as linear polymers of orthophosphate, termed polyphosphate (67) . Phosphate and polyphosphate can be visualized by staining with toluidine blue O dye and can be observed in the cytoplasm (phosphate) or as granules in the cell vacuole (polyphosphate) (49) . We therefore stained the wild-type strain and the ubc1 and adr1 mutants with toluidine blue O to test whether altered regulation of the PHO genes in U. maydis resulted in increased or decreased polyphosphate accumulation. Consistent with the SAGE data, we found that approximately 25% of the cells of the ubc1 mutant lacked polyphosphate accumulations, in contrast to less than 2% of the wild-type or adr1 mutant cells (Fig. 4) . The variability may be due to differences in the ages of the individual cells. We should note that the reduction in polyphosphate staining could be the result of cell wall permeability defects (i.e., uptake differences) in the ubc1 mutant rather than defects in storage. In general, however, the combination of the SAGE expression data and the staining assay suggests a connection between PKA and the maintenance of intracellular phosphate levels in U. maydis.
Acid phosphatase activity is influenced by PKA. The SAGE data revealed that transcripts for genes in the PHO regulatory pathway were elevated in the ubc1 mutant and/or reduced in the adr1 mutant, and this included a gene encoding an acid phosphatase with similarity to a gene from Aspergillus fumigatus (Table 3) . To investigate whether PKA-regulated expression of the U. maydis gene correlated with an increase in acid phosphatase levels, the activity of the enzyme was measured in protein extracts from the wild-type U. maydis strain and the ubc1 and adr1 mutants (Materials and Methods). As predicted from the SAGE data, the specific activity for acid phosphatase in the ubc1 strain (0.0289 Ϯ 0.0000) was elevated compared to that in the wild-type (0.0190 Ϯ 0.0001) and adr1 strains (0.0174 Ϯ 0.0002). Overall, these results support the implication by SAGE of PKA-dependent regulation of acid phosphatase activity. It should be noted that the assay measures total acid phosphatase activity, and analysis of the genome annotation indicates that there are other genes for putative acid phosphatases in U. maydis, besides the gene identified by SAGE. These other genes may encode enzymes that also contribute to the activity that we observed.
Confirmation of the SAGE results. RNA blot analysis was used to independently confirm that the observed differences in tag levels reflected differences in transcript abundance. Ten pairs of primers (Table 1) were designed to amplify sequences containing tags that were differentially expressed (Tables 3 to  6 ). The amplified sequences were used as probes for RNA blot analysis, and a strong correspondence between SAGE tag frequencies and hybridization patterns was observed in all cases. Figure 5 shows examples of differentially expressed tags belonging to the four classes described in Tables 3 to 6 . Compared to the rRNA loading controls in Fig. 5A, Fig. 5B shows three examples of genes with tags that were clearly elevated in the ubc1 mutant (acid phosphatase, inorganic phosphate permease, and a hypothetical protein). Figure 5C shows two examples of genes with elevated tags in the filamentous adr1 mutant (repellent protein 1 and thiazole biosynthetic enzyme) and an example of a gene with decreased tag abundance in the ubc1 mutant (predicted sugar transporter). Finally, Fig. 5D and E each show two examples of genes with tags that had reduced levels in the mutants (␤-1,3-glucan binding protein and a hypothetical protein) or with tags that were elevated in the mutants (Hmp1 and a hypothetical protein) , respectively. Overall, the RNA blot analysis confirms the differential RNA levels indicated by the SAGE results, and a similar confirmation was obtained for eight additional genes (data not shown).
DISCUSSION
Here, we describe SAGE experiments designed to investigate the influence of mutations that interfere with the level or regulation of PKA activity on the transcriptome of U. maydis. The results revealed differences in the transcript levels for genes in several functional categories, including ribosome biogenesis, metabolism, phosphate acquisition, stress, mating, and morphogenesis. These results provide a broad view of the influence of PKA mutations on the transcriptome in U. maydis and reveal conserved features of cAMP signaling among fungi, in particular the involvement of PKA in the regulation of RP gene expression and phosphate metabolism. Interestingly, a small subset of the genes identified by SAGE had previously been identified in studies employing suppressive subtractive hybridization (SSH) to compare transcript levels in cells of a wild-type strain and a uac1 strain defective in adenylyl cyclase (2, 19) . The uac1 mutant displays a constitutively filamentous growth morphology that is similar to that of the adr1 mutant that we employed in this study, and both mutants are expected to have low PKA activity. However, the activity of the pathway may be affected to different extents in the two mutants, and therefore, the expression results are only partially comparable. This is because both the Uka1 and the Adr1 catalytic subunits are still present and potentially active in the uac1 mutant, while adenylyl cyclase and the Uka1 catalytic subunit are still potentially active in the adr1 mutant. In light of these considerations, some genes with elevated transcripts were found in both the adr1 and uac1 mutants (as identified by SSH and SAGE), including rep1 (repellant) and the gene for superoxide dismutase. Both methods also identified genes encoding phosphate uptake functions and a xylanase with elevated transcripts in budding cells. A striking difference in the data collected with the two methods was the predominance of RP genes revealed by SAGE. This difference may reflect the respective abilities of the techniques to detect differences in transcript abundance, perhaps due to the relatively abundant nature of RP transcripts or the subtle differences in transcript levels between strains. However, the difference may also suggest the more interesting possibility that the uac1 and adr1 mutations have disparate influences on RP gene expression because of the positions of their respective defects in the cAMP/PKA pathway.
Ribosomal-protein gene expression and PKA. As expected from work with other organisms, particularly S. cerevisiae, the RP genes showed differences in transcript levels in the PKA mutants relative to those in the wild-type strain. The connections between nutrient acquisition, growth control, PKA, and RP gene expression are well established in yeast, and the SAGE data suggest that U. maydis has a similar regulatory network. Although the variations in tag levels were not dramatic, the general trend that we observed was that tags for 20 RP genes were found at reduced levels under the condition of low PKA activity (i.e., in the adr1 mutant) relative to those in the wild-type strain and/or the ubc1 mutant. RP genes are generally found to be differentially expressed by SAGE analysis when different growth or physiological conditions are compared (3, 56, 69) .
The factors implicated in the regulation of RP synthesis in S. cerevisiae have been well characterized and include the interruption of secretory-pathway signals mediated by protein kinase C (39), nitrogen regulation via the TOR signaling pathway (11), carbon source utilization as regulated by the cAMP/ PKA pathway (35, 51, 74) , and phosphate sensing (21) . Recent studies of the connection between PKA and RPs in yeast have FIG. 4 . Reduced polyphosphate accumulation in the ubc1 mutant. Differential-interference-contrast micrographs of the wild-type strain 521 and the ubc1 and adr1 mutants grown overnight in PDB and stained for polyphosphate with toluidine blue O dye are shown. The ubc1 mutant showed a decrease in the amount of polyphosphate accumulation compared to that in the wild-type strain and the adr1 mutant. Specifically, 100 cells of each strain from separate experiments were scored as stained or unstained with the following results (percentages of stained cells): strain 521, 99% Ϯ 0.0%; adr1 mutant, 98% Ϯ 2.8%; and ubc1 mutant, 74% Ϯ 6.4%. Scale bars ϭ 20 m. provided a detailed view of the regulatory mechanisms that link nutrient sensing, the TOR and Ras/PKA pathways, cell growth, and cell cycle progression (32, 66, 78) . The TOR pathway is known to control ribosome biogenesis in yeast, and TOR controls the subcellular location of the PKA subunit Tpk1 (45, 66) . PKA appears to function downstream of TOR (66) or in a parallel pathway (78) to activate the transcription of RP genes. Martin et al. (45) have shown that this regulation of the expression of RP genes acts via the transcription factor FHL1 and the coregulators IFHI and CRF1. The SAGE data for U. maydis PKA mutants hint at interesting parallels for the roles of cAMP signaling in U. maydis and S. cerevisiae. Consistent with the yeast model, the tags for the RP genes that we detected were generally lower in the adr1 mutant defective in PKA activity than in the wild type, suggesting that U. maydis also has a connection between cAMP and the TOR pathway similar to that of S. cerevisiae in terms of nutrient sensing and the regulation of RP expression. We examined the rapamycin sensitivity of our mutants with defects in the cAMP pathway and found that the adr1 mutant was relatively more sensitive than the wild-type strain or the ubc1 mutant. This result suggests that the inhibition of TOR in a strain already lacking PKA may compromise growth by accentuating problems with the transcription of RP genes. This result is strikingly similar to the increased sensitivity to rapamycin that Zurita-Martinez and Cardenas (78) described for yeast mutants with defects in the catalytic subunit of PKA. Recent work with S. cerevisiae has also implicated the unusual prefoldin URI (unconventional prefoldin RPB5 interactor) in the TOR pathway (24), and we identified a tag for a prefoldin gene in the SAGE data (Table  5) . Overall, these results suggest that the general role of PKA, and perhaps the TOR pathway, is conserved between ascomycete and basidiomycete fungi with regard to the regulation of RP gene expression. Phosphate acquisition and PKA. The SAGE data uncovered a relationship between cAMP signaling and phosphate sensing and acquisition in U. maydis. Specifically, a number of tags elevated under the condition of high PKA activity and/or reduced in the adr1 mutant with low PKA activity identified genes associated with phosphate metabolism. These included orthologs of S. cerevisiae components of the PHO regulatory pathway for the acquisition of phosphate (P i ) (57), such as transporters and an acid phosphatase as well as components of the VTC gene family involved in poly(P) synthesis (53) . Two of these gene products, Vtc1 and Vtc4, operate together as a complex and control acidification of the vacuole (12) . Our SAGE data identified tags for orthologs of the VTC1 and VTC4 genes that were elevated in the UBC1 library (Table 3) . In contrast, we found tags corresponding to a vacuolar H ϩ ATPase and a vacuolar ATP synthase that were elevated in the WT but not the UBC1 library, suggesting that U. maydis may have similar components for controlling phosphate storage ( Table 5 ). The SAGE data also indicated that the tag for a U. maydis ortholog of the yeast Pho84 phosphate sensor was elevated by ϳ20-fold in the UBC1 library relative to that in the wild-type strain. The phosphate transporter Pho84 functions in manganese homeostasis in yeast and therefore influences the activity of manganese superoxide dismutase (30) . We detected a tag for a putative manganese superoxide dismutase regulated by PKA in the SAGE data and noted that a connection between cAMP signaling and the response to stress has been well characterized in S. cerevisiae (61) .
We confirmed the functional relevance of the SAGE data by demonstrating that acid phosphatase activity was elevated and Analysis of the SAGE data indicated that the acid phosphatase gene that we identified was specifically transcribed in the ubc1 mutant. S. cerevisiae has three repressible acid phosphatases, one of which is Pho5p; a search of the genome sequence of U. maydis (MIPS) with the Pho5p sequence revealed five genes encoding probable acid phosphatases and phytases. Given the number of genes encoding putative phosphatases, their genetic analysis via gene disruption would be a significant undertaking. One of these genes (Um06428) is related to a thiamine-repressible acid phosphatase precursor. In S. pombe, thiamine is not essential for growth but does play a role in the regulation of mating (18) . Thiamine represses the expression of a gene encoding an acid phosphatase that dephosphorylates thiamine phosphates present in growth medium. In this context, we noted that SAGE tags for two genes implicated in thiamine metabolism (thiazole biosynthetic enzyme and thiamine biosynthesis protein) had altered levels in the PKA mutants. These observations suggest a further linkage between phosphate metabolism and PKA in U. maydis. Phosphate, PKA, and morphogenesis. Inorganic phosphate in S. cerevisiae, as sensed by the Pho84 and Pho87 permeases, has recently been identified as a nutrient signal that activates that PKA pathway (21) . The readdition of phosphate to starved cells influenced the expression and activities of PKA targets, including the RP genes, although a specific cAMP signal was not triggered. This independence of cAMP signaling and PKA activation may be relevant to the observed differences between our SAGE data collected with the adr1 mutant and the SSH data collected with the uac1 mutant (discussed above). The coincident relationships between phosphate acquisition, RP gene expression, and PKA revealed by the SAGE data suggest that phosphate may also act as a nutrient signal in U. maydis. To begin to examine this possibility, we tested whether phosphate levels influence the dimorphic transition that U. maydis displays in response to lipids as the sole carbon source (36) . We found that an elevated phosphate concentration promoted filamentation in response to lipids, thus suggesting that phosphate perception is part of the nutritional influence on morphogenesis in U. maydis. The influence of phosphate levels on fungal morphogenesis may be a general phenomenon because Hornby et al. (29) have demonstrated that high phosphate levels promote pseudohyphal growth in Candida albicans. It will be important to follow up these observations with experiments to determine whether phosphate perception plays a role during filamentous growth of the fungus in host tissue. The SAGE data indicated other possible connections between cAMP signaling and morphogenesis in U. maydis. For example, we identified a tag for a septin with reduced abundance in the ubc1 mutant compared to that in the wild type, a result that is interesting because of the multiple-bud phenotype of this mutant. Our analysis of the SAGE data is consistent with the hypothesis that the multiple-bud phenotype may be related to an influence of the cAMP pathway on the expression of the septin gene. Consistent with this idea, we recently found that disruption of the septin gene results in a morphological defect (9) . Additional tags that represented genes with potential morphological or cell wall functions were identified, and these included genes for glucanases and a GTPbinding protein. It is reasonable to expect changes in cell wall functions as a function of PKA activity, given that ubc1 mutants display a wet colony phenotype that may be related to the production of an extracellular matrix (22, 37) . In addition, precedent for this observation comes from microarray experiments with a yeast mutant defective in a cAMP phosphodiesterase (encoded by PDE2); a number of genes encoding cell wall functions had altered expression in the mutant (31) .
Many of the tags that show different levels of abundance in the mutants match genes encoding hypothetical proteins. The expression patterns of these genes in the morphological mutants suggest that future evaluation of these genes may contribute to a deeper understanding of the role of cAMP signaling in the morphogenesis of U. maydis and other fungal pathogens. In particular, some of the tags for transcripts that are elevated in the filamentous adr1 mutant may identify important functions for morphogenesis, a key aspect of pathogenesis in U. maydis. This suggestion is supported by the SAGE results that identified genes whose expression is regulated both by PKA activity and by the bE/bW mating-type regulator. Coregulation of specific genes by mating type and cAMP signaling has been described previously (37) . For example, the transcription of the bW and bE genes depends on the phosphorylation of the transcription factor Prf1 by both the PKA and MAP kinase signaling pathways (33) , and targets of direct or indirect regulation by the bE/bW transcription factor are also regulated by cAMP (10, 65, 75) . The completion and annotation of the genomic sequence for U. maydis will allow a more detailed exploration of the functions of the genes whose expression is influenced by PKA and mating.
Regulation of transcription. Analysis of the SAGE data suggests that PKA activity may have general and specific influences on the transcription of genes in U. maydis. For example, we noted that two of the genes identified in the SAGE data encoded histone 4 and histone H2B; the tags for these genes were found at lower levels in the libraries from the mutants than in the wild-type library, although the extent of reduced expression was not dramatic. It is possible that part of the influence of PKA on the transcriptome may be an indirect effect of changes in histone levels. In yeast, a reduction in nucleosome content by the depletion of histone H4 causes increased expression of 15% of genes and reduced expression of 10% of genes (76) . Also, the depletion of histone H4 activates the PHO5 gene that is part of the yeast phosphate (PHO) regulatory pathway (25) . Consistent with this idea, we find that the tag for histone H4 had a reduced level in the ubc1 mutant and that acid phosphatase activity is elevated in this strain. Furthermore, modification of histone H3 is known to influence the expression of the yeast genes encoding functions that we also observe to be regulated in U. maydis, including inositol 1-phosphate synthase, acid phosphatase, and phosphate permease. The observation that a tag for the gene encoding inositol 1-phosphate synthase was reduced in the ubc1 mutant is interesting in light of the known regulation of this gene by PKA via the Opi1 transcription factor in yeast. Specifically, PKA phosphorylation of Opi1 stimulates its negative regulatory influence on the expression of the INO1 gene, which encodes inositol 1-phosphate synthase (68) . Opi1 is also maintained in an inactive state by phosphatidic acid, and inositol addition relieves this control to allow the transcription factor to regulate 
